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Benzoic acid (BA), sorbic acid (SA), and dehydroacetic acid (DHA) are among the most common food additives
that are classified as antimicrobial preservatives. However, their consumption in excess can lead to damage to the
human liver and kidneys. At the present time, no rapid method has been developed for the simultaneous
detection of these preservatives in processed foods. In this study, an expedited process based on surface-enhanced
Raman scattering (SERS) and solid-phase extraction (SPE) has been developed to determine the content of the
preservatives in processed seafood, minced fish, and cheese products. The effect of local heating on SERS spectra
at the center of the droplet, which was deposited onto silver nanopillar arrays used as the SERS substrate, was
examined. A recirculating flow, manifested as twin vortices merging within the droplet, brought the preservative
molecules down to the droplet’s center, resulting in an increase in the SERS signals. Furthermore, the screening
efficiency of the detection method for the three preservatives was experimentally evaluated in real samples. The
experimentally determined Raman bands of the added BA, SA, and DHA were compared with amounts obtained
by the conventional method of high-performance liquid chromatograph (HPLC).

1. Introduction

Benzoic acid (BA), sorbic acid (SA), and dehydroacetic acid (DHA)
are among the most common food additives. These are classified as
antimicrobial preservatives and are used in food processing to extend
shelf life and prevent decomposition caused by microbial growth
(Alagoz et al., 2015; Lone et al., 2023; Mejlholm et al., 2008; Mejlholm
and Dalgaard, 2013). Salt formation, which includes compounds such as
sodium benzoate, sodium sorbate, potassium benzoate, potassium sor-
bate, calcium sorbate, and sodium dehydroacetate, is frequently
employed to enhance the solubility of BA, SA, and DHA in water. These
preservatives are commonly added to processed seafood and minced fish
products, which are rich in proteins. However, the Food and Drug
Administration (FDA) in each country sets the maximum residue limits
(MRLs) of these preservatives in food. Overconsumption of BA, SA, and
DHA can lead to damage in the human liver and kidneys, and may even
cause toxic reactions (Dong and Wang, 2006). The conventional method
for performing quantitative analysis of the preservatives (Amirpour
et al., 2015; Molognoni et al., 2016; Saad et al., 2005; Sirhan, 2018)
involves the use of a high-performance liquid chromatograph (HPLC)
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coupled with a photodiode array detector. Since the method requires an
expensive instrument, is time-consuming, and involves complicated
sample pretreatments in a laboratory environment, it becomes difficult
to conduct on-site quality control of raw materials in food processing
factories, restaurants, and supermarkets. The risk of the excessive and
illegal addition of BA, SA, and DHA to processed foods is high due to the
lack of an on-site inspection method.

BA is characterized as a typical aromatic monocarboxylic acid, while
SA is an unsaturated monocarboxylic fatty acid with a straight chain
(Gao et al., 2013, Kai et al., 1989). Pagannone et al. found that BA,
comprising a benzene ring core and that carries a carboxylic acid sub-
stituent, may be absorbed on a metal surface forming a bidentate
bridging structure (Pagannone et al., 1987). Kai et al. conducted an
examination of the multiple absorption states of SA and identified the
band feature of the Raman spectrum of silver sols (Kai et al., 1989). SA is
a hexadienoic acid with four geometrical isomers and reaction involves
the attachment of its carboxyl group to the metal. The adsorption
behavior and mechanism of BA and SA on the surfaces of metal nano-
structures has been investigated using density functional theory (Choi
and Park, 2005, Saraiva et al.,, 2015, Zhao and Fang, 2006).
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Additionally, DHA contains carbonyl groups and exists in five tauto-
meric forms. The Raman spectrum of DHA was measured and the as-
signments of the vibrational bands were identified based on quantum
chemical calculations (Billes et al., 2015).

Surface enhanced Raman scattering (SERS) is a Raman-based tech-
nique that holds promise for the chemical analysis of food (Cai et al.,
2024, Feng et al., 2024, Ma et al., 2024, Neng et al., 2023, Qi et al., 2024,
Zhang et al., 2023). It has emerged as a potent analytical tool for the
identification of additives across a broad spectrum of food products (Cai
etal., 2018, Hussain et al., 2020, Luo et al., 2018, Yang et al., 2022). Lei
et al. conducted measurements of the SERS spectra of BA, which was
absorbed on a thin layer of silver nanocrystals, at several excitation
wavelengths (Lei et al., 1995). The enhancement achieved from a silver
nanocrystal with a mean grain size of 15 nm surpassed that obtained
from an isotropic silver film in the attenuated total reflection configu-
ration. Gao et al. fabricated gold nanoparticles with an approximate
diameter of 13 nm, using them as a SERS substrate to amplify the Raman
scattering of BA. This was achieved with an He-Ne laser at a wavelength
of 632.8 nm (Gao et al., 2013). However, a large Raman enhancement
can be achieved by binding specific molecules onto the surface of plas-
monic metal films, such as bideposited silver nanocolloid arrays (Jen
et al., 2020), gold nanohelx arrays (Jen et al., 2010, Jen et al., 2016) and
silver nanorods (Chu et al., 2007, Jen et al., 2012, Jen et al., 2019). The
localized surface plasmon resonance (Fang et al., 2020, Pelle et al.,
2018, Shrivas et al.,, 2018) induced by nano-scale metal films can
significantly increase the local electric-field intensity in a hot spot. A
significant Raman enhancement factor for silver nanorod arrays has
been demonstrated through the measurement of the SERS spectrum of
Rhodamine 6 G, when it is diluted in an organic solvent. Owing to its
great effectiveness for rapid inspection, a SERS-based sensor has been
achieved for the dithiocarbamate pesticide residues in agriculture (Tsen
et al., 2021). The extraction procedure for removing ingredients from
adzuki beans was developed, and a SERS spectrum of paraquat was
obtained on an agricultural site (Tsen et al., 2018).

Despite its advantages such as minimal sample preparation, short
detection time, high sensitivities, and resistance to water interference,
SERS generally encounters challenges with signal suppression by certain
ingredients in processed foods, including proteins, salts, lipids, and
organic substances. In this study, a rapid method for the determination
of three kinds of preservatives, BA, SA, and DHA in processed foods was
developed using SERS combined with solid-phase extraction (SPE). The
effect of local heating at the center of the droplet from the eluting
fraction deposited on the silver nanopillar arrays was investigated using
a 785 nm laser operating in continuous wave (CW) mode. A temperature
gradient was formed on the surface of the drop and may induce surface
tension driven Marangoni (Diddens et al., 2021, Askounis et al., 2017).
The formation of Marangoni flows manifested the twin vortices merging
within the droplet and therefore led to the concentration of the pre-
servatives and an increase of SERS.

Processed food could be considered a complex multifluorophoric
system, containing several compounds such as phospholipids, proteins,
peptides, and free amino acids (Aubourg and Medina, 1997; Aubourg
et al., 1998; Hassoun et al., 2019). Fluorescence is an undesirable side
effect found in Raman spectra. Most of the interference from non-target
compounds in foods could cause fluorescence spectra in the visible to
near-infrared wavelength range. However, after the wash and elution
steps from the SPE clean-up procedure, the undesired fluorescence
background was reduced. Nevertheless, the extracts from the eluting
fraction still contain parts of the complex matrices and interfere with the
desired Raman signals. When the droplet of the eluting fraction was
deposited onto silver nanopillars, the remaining complex matrices, such
as lipids and proteins, would competitively cover the metallic surface,
isolating it from the preservative molecules. Consequently, the minor
amounts of preservatives binding to the metallic surface result in weaker
SERS signals. In order to increase the binding probability between the
molecules and the surface, local heating with a 785 nm laser was applied
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to the substrate before the complex matrices completely covered it. Twin
vortices within the droplet were coincidentally induced, bringing the
preservative molecules to the droplet’s center and causing them to
adhere to the laser spot area. When the metallic film was continuously
illuminated with the laser, the adsorption kinetics of the molecules to
the metallic surface increased, resulting in a faster rate of adsorption
(Olson and Harris, 2008). The increase in signal was attributed to the
electromagnetic enhancement mechanism (EEM) (Moskovits, 1985;
Stiles et al., 2008), where the SERS signals of the molecules can be
significantly enhanced when they are within several molecular lengths
of the metal. The method we propose here not only provides the simple
procedure for detecting the preservatives in processed foods, but also
mitigates the SERS suppression from food ingredients. Furthermore, the
screening efficiency of the detection method for the three preservatives
was experimentally evaluated in processed seafood, minced fish, and
cheese products. The experimentally determined Raman bands of the
added BA, SA, and DHA were compared with amounts obtained by the
conventional method of HPLC.

2. Material and methods
2.1. Samples

In this study, 50 samples, composed of different types of minced fish,
processed seafood, and cheese products, were directly purchased from a
supermarket (PX Mart, TW). The following samples were collected and
analyzed: 20 minced fish products (including 2 fish paste, 2 fish
dumpling, 2 crab stick, 3 tempura, 3 kamaboko, 2 milkfish ball, 1 cod
ball,1 fish ball, 1 sailfish ball, 1 salmon ball, 1 fish roe roll, and 1 caviar
ball); 10 seafood products (including 3 cuttlefish ball, 1 cuttlefish
dumpling, 1 cuttlefish shrimp ball, 1 octopus kamaboko, 1 shrimp ball, 1
shrimp dumpling, 1 squid ball, and 1 squid paste); 20 cheese products (3
Cheddar cheese, 4 Mozzarella cheese, 1 Gouda cheese, 1 truffle cheese, 1
Emmental cheese, 1 sweet potato cheese, 1 Parmesan cheese, 8 process
cheese). Upon arrival at the laboratory, the samples were stored at —18
°C + 2 °C. Prior to measurement, frozen samples were removed from the
freezer and allowed to warm to room temperature.

2.2. Reagents and materials

Sodium benzoate (99 %), potassium sorbate (99 %), sodium dehy-
droacetate (99 %), and rhodamine 6 G (R6G, 99 %) were purchased from
Merck KGaA (Darmstadt, Germany). Methanol (MeOH; LC-MS grade)
was purchased from Roth (Karlsruhe, Germany). Reagents included
deionized water (DI H5O; resistivity > 18 MQ * cm at 25°C), DI water-
methanol solution (2:8, V/V, DI H,O/MeOH), DI water-methanol solu-
tion (1:1, V/V, DI H,0/MeOH) and DI water-methanol solution (8:2, V/
V, DI HoO/MeOH). All chemicals were used without further purification.
Stock solutions of benzoic and sorbic acid standards were prepared by
dissolving 10 mg of the sodium benzoate and the potassium sorbate in
2 mL of deionized water with sonication for 5 minutes, respectively. A
stock solution of dehydroacetic acid standard was prepared by dissolv-
ing 10 mg of the sodium dehydroacetate in 2 mL of deionized water with
sonication for 5 minutes. Subsequently, the standard stock solutions
were diluted by adding DI water-methanol solution (1:1, V/V, DI H,O/
MeOH) to prepare each desired concentration of standard samples in the
mobile phase. Additionally, a stock solution of R6G was prepared by
dissolving 50 mg of the standard in 0.5 mL of methanol with sonication
for 5 minutes and diluting by adding water-methanol solution (1:1, V/V,
DI H,O/MeOH) to the desired concentration. All stock solutions of the
preservatives were stored at 4°C before measurement.

2.3. Sample pretreatment

Two grams of homogenized sample was added 5 mL DI water-
methanol solution (1:1, V/V, DI HoO/MeOH) in a 15 mL centrifuge
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tube. The food sample was mixed thoroughly with the extraction solu-
tion by shaking the tube for 1 minute; the mixtures was then allowed to
stand for 3 minutes. A solid-phase extraction cartridge (PT-001/3 mL
volume; GETECH, Taiwan) was used to retain the BA, SA, and DHA
molecules on the filling sorbents before the elution step. Prior to the use
of the cartridge a 2 mL DI water-methanol solution (1:1, V/V, DI HyO/
MeOH) passes through the cartridge as a condition solvent. A 200 pL
volume of the supernatant was passed through the SPE cartridge. The
cartridge was then washed with 600 pL DI water-methanol solution (8:2,
V/V, DI H,0/MeOH) at a flow rate of one drip per second to remove
impurities. The preservatives BA, SA, and DHA were eluted with a
400 pL DI water-methanol solution (2:8, V/V, DI H,0/MeOH) at a flow
rate of one drip per second. The eluting fraction was collected and stored
as a test solution for further SERS analysis.

2.4. Fabrication of SERS substrate

Glancing Angle Deposition (GLAD), a technique that involves phys-
ical vapor deposition, requires the substrate stage to be tilted at an angle,
0v, which is between the normal of the substrate and the incoming vapor
flux (Liu et al., 2010, Robbie et al., 2004), During the initial deposition,
nucleation centers form randomly on the bare silicon substrate. The
subsequently deposited flux then causes the preferential growth of metal
nanorods towards the direction of deposition due to the shadowing ef-
fect. The deposition angle was kept large to achieve metallic film
porosity and appropriate column spacing. A set chamber pressure of
2x107° Torr was reached prior to the silver deposition. Silver particles
with a purity of 99.99 % were used as the vapor source in the
electron-beam evaporation system. In the fabrication of the silver
nanopillar arrays as the SERS substrate, the angle of 8, was set at 86° and
the deposition rate was controlled at approximately 0.5 nm/s. The
substrate was rotated about its normal at a rate of 10 rpm simulta-
neously during the deposition process. The thickness of the film was
monitored by measuring the mass of the evaporated silver using a quartz
crystal microbalance. Figures A.1 (a) and (b) show the cross-sectional
and top-view scanning electron microscopy (SEM) images of the silver
nanopillar arrays, respectively. The cross-sectional SEM image reveals
the morphology of the nanostructures with a thickness of 150 + 10nm.
The analytical enhancement factor (AEF) of the SERS substrate could be
estimated from the standard equation as follows (Jen et al., 2020):

AEF — IsgrsNpuik )

TpuikNsers

where Igggs and Iy are the Raman intensity of the specific band of the
analyte adsorbed on the SERS substrate and the bulk analyte itself,
respectively. Npyx and Ngggs are the number of molecules on the sub-
strate and that in the bulk, respectively. The AEF was then determined to
be 1.61x10° for a R6G molecule at the band of 1502 em™! (Vosgréne
and Meixner, 2005) using a Raman spectrometer with a wavelength of
785 nm.

The SERS substrate, comprising randomly distributed silver nano-
pillar arrays, exhibits broad absorbance spectra for both p- and s-po-
larizations in the wavelength range of 400 nm to 950 nm, as shown in
Fig. A.2 (a) and (b), respectively. As we know, the SERS enhancement is
related to the two-fold EEM that involves the absorbance of incident
excitation and Raman-scattered light (Kumar et al., 2020). Compared
with previous studies (Kumar et al., 2022, Waiwijit et al., 2020) on
GLAD-based SERS substrates that exhibit anomalous absorbance prop-
erties, such as aligned metallic nanorods, the silver nanopillar arrays
present stronger absorbance, exceeding 0.8 (80 % in absorption), in the
range of Raman-scattered wavelengths (800 nm — 900 nm) and at the
excitation wavelength of 785 nm for both polarizations. The absorbance
for the wavelengths at which the Raman signals occur is slightly higher
than that at 785 nm wavelength. Therefore, the SERS bands were
significantly enhanced due to the non-polarization-dependent
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absorbance spectra of the substrate. Additionally, there is another way
to achieve the high absorbance spectra of SERS substrates, which is by
depositing silver nanostructures on an anisotropic dielectric layer
thin-film (Kumar et al., 2020, Lin et al., 2024). However, when the
multi-layered film was constantly illuminated by an excitation laser at a
power of over 10 mW, thermally-induced structural damage appeared at
the position of the laser focusing spot (Lin et al., 2024), and the SERS
enhancement decreased rapidly. In contrast, the SERS substrate pro-
posed in this study can withstand high-powered illumination of over
30 mW using a 785 nm continuous wave laser, achieving a local heating
effect on the SERS spectra of preservatives prior to measurement. The
substrate comprising silver pillar arrays boasts easy processing on a
large scale (compared to multi-layered films), high absorbance proper-
ties for both p- and s-polarizations (over 0.8 at excitation and
Raman-scattered wavelengths), and excellent SERS enhancement at a
785 nm excitation.

2.5. Instruments and detection method

Raman spectra of the food samples were obtained using a portable
Raman spectrometer (RMS-1000, Oceanhood Inc., Zhongli, TW) with a
785 nm laser source. The resolution of the spectrometer was 12 cm ™
and the focal length of the objective was 7.5 mm+0.5 mm. Instrument
parameters were set as follows: integration time of 2 seconds and
50 mW laser power. All measured spectra were baseline-subtracted
using adaptive iteratively reweighted Penalized Least Squares algo-
rithm (Zhang et al., 2010). A silver film comprising nanopillar arrays
was used as the SERS substrate to detect the preservatives in foods. The
schematic illustration of the principle of detecting preservatives based
on SERS and SPE is shown in Fig. 1. The sample extracts were processed
using PT-001 SPE via the procedure described in Section 2.3. After the
wash and elution steps from the SPE clean-up procedure, a purified
sample aliquot was collected and gently deposited on the SERS substrate
with an area of 2.2 mm x 2.2 mm. When the droplet of the eluting
fraction was deposited onto silver nanopillars, the remaining complex
matrices, such as lipids, peptides, and proteins, would competitively
cover the metallic surface. The preservative molecules could not directly
contact the metallic surface of the substrate, resulting in a weak Raman
signal from the molecules. However, when the droplet was initially
illuminated by a 785 nm CW laser prior to spectra acquisition, the
resulting Raman signal was significantly enhanced. The laser light was
focused onto the substrate using a 5x objective, and the laser power was
kept constant at 30 mW. A temperature gradient was formed on the
surface of the drop, which may induce surface tension-driven Marangoni
flows (Diddens et al., 2021, Askounis et al., 2017). The formation of
Marangoni flows manifested the twin vortices and led to the concen-
tration of the preservative molecules at the center of the drop. On the
other hand, center heating could improve the binding probability be-
tween the silver nanopillars and the preservatives, resulting in signifi-
cant Raman signal enhancement.

3. Results
3.1. Local heating effect on SERS spectra

3.1.1. Contact angles of droplet

Samples of cuttlefish ball, spiked with a concentration of 1.0 g/kg of
SA, were prepared. The extracts from these samples were processed
using an SPE cartridge, following the procedure mentioned in Section
2.3. The eluting fraction collected into a 1 mL vial glass was then mixed
with 200 pL DI water. The SERS substrate, which comprises silver
nanopillar arrays, was cut into a square with an area of 2.2 mm x
2.2 mm before the mixture was dropped onto it. Fig. 2 presents the SERS
spectra of the spiked samples, with different drop volumes of 1.5, 3.0,
4.5 and 7.5 pL gently deposited on the substrate. Visualization of the
contact angles 6. between these drops and the substrate showed them to
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Fig. 1. Schematic illustration of the principle of detecting preservatives based on surface-enhanced Raman scattering (SERS) and solid-phase extraction (SPE). Local
heating was performed at the center of droplet deposited on the substrate before the SERS measurement.
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Fig. 2. SERS spectra of the spiked cuttlefish ball, with different drop volumes of
1.5, 3.0, 4.5 and 7.5 pL gently deposited on the SERS substrate. The size of the
substrate comprising the silver nanorod arrays was 2.2 mm x 2.2 mm area and
the concentration of SA was 1.0 g/kg.

be 37°, 63°, 89°, and 105°, respectively. Local heating was performed at
the center of the substrate for each drop using a 785 nm CW laser with
30 mW for 15 seconds prior to the measurement. The results indicated
that, among the drops tested, the one with a volume of 4.5 pL has the
greatest Raman signals of SA bands at 1154 and 1645 cm™'. A tem-
perature gradient formed on the droplet’s surface due to heat conduc-
tion through the substrate during laser heating. This induced a
recirculating flow, manifested as twin vortices merging within the
droplet, which brought the preservative molecules down to the droplet’s
center. When the contact angle was significantly less than 90°, the twin

vortices split, preventing the molecules from concentrating at the center.
Furthermore, a large contact angle resulted in a high curvature at the
droplet’s apex. This caused the laser to defocus from the surface of the
substrate, which subsequently led to a decrease in SERS. Another com-
mon method involves drying the droplet on the substrate in the air
before measurement. Despite the sample being pretreated, the complex
residue from the sample matrices covers the surface of the SERS sub-
strate. This prevents the molecules from binding to it, thereby sup-
pressing the SERS signal.

3.1.2. Influence of heating period

In order to investigate the local heating effect on the SERS spectra of
preservatives in processed foods, we prepared three samples of cuttlefish
ball. These were spiked with a concentration of 0.5 g/kg of BA, SA, and
DHA, respectively. The sample pretreatment was performed and the
eluting fraction was mixed with 200 pL DI water. The droplet volume of
4.5 puL was gently deposited on the SERS substrate prior to the laser
heating. The power of the laser operating in CW mode was kept at
30 mW. The spectra were captured immediately after the heating was
finished, with an integration time of 2 seconds and a power of 50 mW.
Fig. 3(a) to (c) show the measured spectra of the spiked sample versus
different heating period for BA, SA, and DHA, respectively. The results
indicate that the Raman signals of the preservatives increased during the
heating period, which ranged from 0.5 seconds to 15 seconds. As
depicted in Fig. 3(a), the measured SERS spectra display Raman bands of
BA at 845 cm ™!, 1002 em™ !, and 1595 cm ™!, recorded at the 0.5, 5, and
15-second mark. The vibration bands of BA are related to the in-plane
ring breathing and the C-C stretching modes at around 1002 cm?
and 1595 em™ !, respectively. The band at 845 cm ™! is attributed to the
COO in-plane scissoring vibration mode (Gao et al., 2013). The
measured SERS spectra exhibit the strongest intensity of the BA bands
recorded at the 15-second mark. A similar tendency was observed in that
the Raman bands of SA and DHA increased with the heating period, as
shown in Fig. 3(b) and Fig. 3(c). The measured SERS spectra exhibit the
strongest intensity of the SA bands at 1154 cm ™! and 1645 cm ™! and the
strongest intensity of the DHA bands at 631 em ™Y, 705 em ™!, 940 em ™Y,
1239 cm’l, 1378 cm’l, and 1637 cm’l, recorded at the 15-second
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Fig. 3. SERS spectra of spiked cuttlefish ball with a concentration of 0.5 g/kg of (a) BA, (b) SA, and (c) DHA recorded at the 0.5, 5, and 15-second mark. The droplet
volume was 4.5 pL and the power of a CW laser heating at the center of the droplet was kept at 30 mW before SERS measurement.

mark. The vibration bands of SA at 1645 cm ™! arise from either C-C or
C-O stretching modes (Saraiva et al., 2015). The band at 1154 em”is
associated with a combination of bending motions of the molecular
skeleton of the sorbic acid. The bands of DHA at 631 cm ™! to 1378 cm_l,
and at 1637 cm™!, arise from either C-C stretching or C-C in-plane
deformation modes (Billes et al., 2015). The Raman bands of the three
preservatives coincided with the standard reference.

According to a previous study (Olson et al., 2008), when the metallic
film was continuously illuminated with the laser, the kinetics of
adsorption of a surfactant molecule to the metallic surface increased,
resulting in a faster rate of adsorption and an increased Raman signal.
However, when the droplet from the eluting fraction containing com-
plex matrices of foods was deposited onto the metallic SERS substrate,
the preservative molecules could not directly contact the metallic sur-
face of the substrate, and the binding probability between the silver
nanopillars and the preservatives dropped significantly. As shown in
Fig. 3, the Raman bands of the measured SERS spectra for three pre-
servatives were weak at the 0.5-second mark. When the droplet was
deposited onto the substrate and left in the air for 30 minutes, the in-
tensity of the Raman bands of the three preservatives did not increase
despite the illumination of laser heating. This is because the complex
matrices, such as lipids and proteins, from the food sample first occupied

the metallic surface of the substrate, preventing the preservatives from
binding to the surface. In contrast, when local heating with a 785 nm
laser at 30 mW power was initially applied to the droplet for the first
15 seconds, twin vortices merging within the droplet were induced,
bringing the preservative molecules down to the laser spot area. The
binding probability between the molecules and the surface improved,
and an increase in the band intensities of the preservatives was
observed. The increase in signal was attributed to the EEM, where the
molecules can be significantly enhanced when they are within several
molecular lengths of the metal.

3.2. Eluting fractions from SPE with the PT-001 SPE cartridge

To enable the SERS measurement of trace amounts of three pre-
servatives in the food matrix, the eluting fractions collected from the PT-
001 SPE were investigated. We prepared samples of cuttlefish ball, each
spiked with a concentration of 0.5 g/kg of BA, SA, and DHA. Fig. 4(a)
depicts the intensity of the dominant bands of three preservatives, which
were eluted with a 400 pL DI water-methanol solution (2:8, V/V) from
the SPE cartridge, as a function of the heating period. This period ranged
from 0.5 seconds to 25 seconds. The eluting fraction was mixed with
200 pL DI water before depositing onto the substrate. The laser power
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Fig. 4. (a) The intensity of the dominant bands of three preservatives, which were eluted with either a 400 pL DI water-methanol solution (2:8, V/V) or pure
methanol from the SPE, varied as a function of the heating period. This period ranged from 0.5 seconds to 25 seconds. The cuttlefish ball samples were spiked with a
concentration of 0.5 g/kg of BA, SA, and DHA, respectively. (b) Intensities of BA, SA, and DHA dominant bands for the first three eluting fractions. Each fraction was
mixed with 200 pL DI water and deposited 4.5 pL volume onto the substrate before being heated by a 30 mW laser for 15 seconds.

was maintained at 30 mW and the volume of the drop was 4.5 pL. The
SERS spectra were then acquired after the completion of the heating.
The intensity of the BA-dominant band at 1002 cm™' reached its
maximum at 15 seconds, while the SA and DHA-dominant bands at
1645 cm™' and 631 cm™! reached their maximum at 10 seconds,
respectively. Within the heating periods that ranged from 15 to
25 seconds, there was little variation in the intensities of the dominant
bands for the three preservatives. However, when the elution solvent
was substituted with pure methanol and directly deposited onto the
substrate, the band intensities significantly diminished. This is probably
because the recirculating twin vortices were destroyed in the methanol
droplet. Furthermore, the intensities of BA, SA, and DHA dominant
bands for the first three eluting fractions were measured, as shown in

Fig. 4(b). Each fraction was mixed with 200 pL DI water and deposited
4.5 pL volume onto the substrate before being heated by a 30 mW laser
for 15 seconds. In the first fraction, most of the BA was eluted from the
cartridge. The intensity of the band, where BA is dominant, in fraction 2
was only 10 % of that in fraction 1. Similarly, the bands where SA and
DHA are dominant showed their maximum intensities in fraction 1.

3.3. Detection of formulated BA, SA, and DHA preservatives in processed
foods

To understand the relationship between the concentrations of the
three preservatives and the intensities of the dominant Raman bands, we
prepared and pretreated spiked samples with varying concentrations,
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using the procedure described in Section 2.3. The first eluting fraction
was mixed with 200 pL of DI water, and a droplet volume of 4.5 pL was
gently deposited on the SERS substrate. The spectra were acquired with
an integration time of 2 seconds and a power of 50 mW after 15 seconds
of 30 mW laser heating. Fig. 5(a) and (b) illustrate the linear relation-
ship between the logarithmic intensities and the concentrations of BA
(Log(y) = 0.9278Log(x) + 0.6985, R?=0.9762) and SA (Log(y) =
0.86Log(x) + 1.1007, R2=0.9556) in cuttlefish ball, respectively. The
dominant band of BA was 1002 cm ™! and that of SA was 1645 cm ™!, The
linear relationship between the logarithmic intensities and the concen-
trations of DHA (Log(y) = 0.8847Log(x) + 0.5639, R%=0.9817) for
cheese samples is shown in Fig. 5(c). The dominant band among the
Raman bands of DHA was at 631 cm™. Each data point represents an
average from five samples, and each error bar indicates the standard
deviation. These linear curves provided a calibration for semi-
quantitative detection of the preservatives in processed foods.

Fig. 6(a) shows the measured SERS spectrum of cuttlefish ball that
were spiked with 0.2 g/kg BA and 0.2 g/kg SA. The spectrum includes
bands at 845 cm ™Y, 1002 cm™!, 1154 cm ™, 1595 cm ™! and 1645 cm ™,
indicating that both BA and SA could be detected and identified
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simultaneously. The intensities of the bands at 845 cm ™! and 1002 cm ™!
increased upon the addition of BA from 0.2 g/kg to 0.3 g/kg, as shown in
Fig. 6(b). When the concentrations of BA and SA were increased from
0.2g/Kg to 0.3 g/kg, the intensities of the bands at 845cm !,
1002 cm™ L, 1154 em ™!, 1595 cm ™! and 1645 ecm ™! increased, as shown
in Fig. 6(c). The limit of detection (LOD) and Limit of quantification
(LOQ) were determined as follows, according to the International Union
of Pure and Applied Chemistry (IUPAC) method (Long and Winefordner,
1983):

3Sy

LOD = T 2)
1og =12 @)

where Sy, is the standard deviation of the SERS intensity of the blank at
the bands of 1002 cm™'(BA), 1645 cm™'(SA), and 631 cm™' (DHA),
while b represents the slope of plotted calibration curve. Fig. 6(d) and
(e) show the measured spectra following the addition of 0.05 g/kg BA
and 0.05 SA in cuttlefish balls, respectively. The Raman bands of BA at
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Fig. 5. The linear relationship between the logarithmic intensities of the dominant bands and the concentrations of (a) BA, (b) SA in cuttlefish ball, and (c) DHA in
cheese samples. Each data point indicated an average from five samples, and each error bar indicated the standard deviation. The dominant bands of BA, SA, and

DHA were 1002 cm ™}, 1645 cm™}, and 631 cm ™, respectively.
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Fig. 6. (a) SERS spectrum of cuttlefish balls with added 0.2 g/kg BA and 0.2 g/kg SA. (b) SERS spectrum of cuttlefish balls with added 0.3 g/kg BA and 0.2 g/kg SA.
(c) SERS spectrum of cuttlefish balls with added 0.3 g/kg BA and 0.3 g/kg SA. SERS spectrum following addition of (d) 0.05 g/kg BA, (e) 0.05 g/kg SA in cuttlefish

ball, and (f) 0.10 g/kg DHA in cheese sample.

845 cm ™!, 1002 cm ™! and 1595 cm™!, and the Raman bands of SA at
1154 cm ™! and 1645 crn’l, were observed. Fig. 6(f) shows the measured
spectra following the addition of 0.10 g/kg DHA spiked in cheese sam-
ple. The Raman bands at 631 cm’l, 705 cm’l, 940 cm’l, and
1595 cm ™! were observed. From these results, the signal-to-noise (S/N)
ratios of 3.62, 4.14, and 3.25 for BA, SA, and DHA were obtained,
respectively. Therefore, the LODs for BA and SA were measured to be as
low as 0.05 g/kg, and the LOD for DHA was found to be as low as 0.10 g/
kg. The LOQs were then calculated to be 0.183 g/kg, 0.144 g/kg, and
0.201 g/kg for BA, SA, and DHA, respectively. Furthermore, based on
the evaluation of the human health impact of each preservative, the FDA
in each country establishes the MRLs for each preservative in various
processed foods. The Taiwan Food and Drug Administration (TFDA) has
set an MRL for processed minced fish and seafood products at 2.0 g/kg
for SA and 1.0 g/kg for BA, respectively. The combined amount of SA
and BA should not exceed 1.0 g/kg. The MRLs for cheese have been set
at 1.0 g/kg for SA and 0.5 g/kg for DHA, respectively. Compared with
the MRLs, the LODs of the three preservatives could meet this
requirement.

3.4. Determination of screening efficiency in real samples

To verify the practical applications of the presented detection
method, we analyzed 30 samples of processed minced fish and seafood
products, along with 20 cheese samples, all of which had been pur-
chased from a supermarket. All processed samples were placed into
clean plastic bags and frozen at —18 °C + 2 °C overnight. The following
day, the required amounts of frozen samples were removed and
comminuted thoroughly to achieve the best sample homogeneity. A2 g
(£ 0.1 g) amount of previously homogenized sample was placed into a
15 mL centrifuge tube. Five mL DI water-methanol solution (1:1, V/V,
DI H,0/MeOH) was added to each tube using the dispenser. The tubes

were capped, vortexed for 1 minute, and then left to sit for 3 minutes.
Prior to the use of the PT-001 SPE cartridge, a 2 mL DI water-methanol
solution (1:1, V/V, DI H20/MeOH) was passed through the cartridge as
a conditioning solvent. A 200 pL volume of the supernatant was then
loaded and passed through the SPE cartridge. Following that, the car-
tridge was washed with 600 pL DI water-methanol solution (8:2, V/V, DI
H;0/MeOH) at a flow rate of one drip per second to remove impurities.
The preservatives BA, SA, and DHA were eluted with a 400 pL DI water-
methanol solution (2:8, V/V, DI HoO/MeOH) at a flow rate of one drip
per second. Next, the eluting fraction was mixed with 200 pL of DI
water, and a droplet volume of 4.5 L. was gently deposited on the
substrate. After 15 seconds of 30 mW laser heating at the center of the
droplet, the spectra of the food samples were obtained using a portable
Raman spectrometer (RMS-1000) with a 785 nm laser source. The res-
olution of the spectrometer was 12 cm™* and the focal length of the
objective was 7.5 mm+0.5 mm. Instrument parameters were set as fol-
lows: integration time of 2 seconds and 50 mW laser power.

To evaluate the screening efficiency of the detection method, the
amounts of the preservatives in the samples were determined by the
standard method (MOHWAO0020.03) for analyzing preservatives in
foods as specified by the TFDA. The LOD and the limit of quantification
(LOQ) of the standard method were 0.0001 g/kg and 0.02 g/kg (Agilent
1200 series HPLC coupled with Agilent 6410 Triple Quadruple LC/MS),
respectively. Table A.1 presents the liquid chromatography and tandem
mass spectrometer condition.

As shown in Table 1, 30 samples of processed minced fish and sea-
food products were measured and analyzed for BA and SA. Eight samples
tested positive for SA and only one contained the minimal BA concen-
tration of 0.002 g/kg. Sample 28 contained the highest concentration of
SA, which was 1.387 g/kg, and it yielded the most intense 1645 cm™!
band. The measured spectra of the 30 samples were shown in Fig. 7. The
Raman bands of 1154 and 1645 cm ™! for SA were identified in several
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Table 1
Amounts of BA an SA added to samples determined using MOHWA0020.03 method and SERS.
Sample Food type MOHWA0020.03" SERS
BA Detected SA Detected BA SA
(g/kg) (g/kg) Peaks found Intensity’ (a.u.) Detected Peaks found Intensity® (a.u.) Detected” (g/kg)
(em™) (8/kg) (em™)

1 cuttlefish ball N.D. N.D.¢ N.D. - - N.D.¢
2 cuttlefish ball N.D. N.D. N.D. - - N.D.
3 cuttlefish shrimp ball N.D. N.D. N.D. - - N.D.
4 sailfish ball N.D. N.D. N.D. - - N.D.
5 milkfish ball N.D. N.D. N.D. - - N.D.
6 salmon ball N.D. N.D. N.D. - - N.D.
7 kamaboko N.D. 0.443 N.D. 1154, 1645 3380 0.666
8 cuttlefish ball N.D. N.D. N.D. - - N.D.
9 kamaboko N.D. 0.012 N.D. 1154, 1645 250 <LOQh
10 caviar ball N.D. N.D. N.D. - - N.D.
11 shrimp dumpling N.D. N.D. N.D. - - N.D.
12 cuttlefish dumpling N.D. N.D. N.D. - - N.D.
13 fish dumpling N.D. N.D. N.D. - - N.D.
14 squid paste N.D. N.D. N.D. - - N.D.
15 cod ball N.D. N.D. N.D. - - N.D.
16 tempura N.D. N.D. N.D. - - N.D.
17 fish ball N.D. N.D. N.D. - - N.D.
18 milkfish ball N.D. 0.560 N.D. 1154, 1645 4350 0.893
19 tempura N.D. 0.922 - - N.D. 1154, 1645 5201 1.099
20 shrimp ball 0.002° N.D. 1002 95 < LoD - - N.D.
21 kamaboko N.D. 0.806 - N.D. 1154, 1645 4962 1.040
22 crab stick N.D. N.D. N.D. - - N.D.
23 octopus kamaboko N.D. 0.820 N.D. 1154, 1645 5304 1.124
24 fish roe roll N.D. N.D. N.D. - - N.D.
25 fish paste N.D. 0.527 N.D. 1154, 1645 4241 0.867
26 squid ball N.D. N.D. N.D. - - N.D.
27 fish dumpling N.D. N.D. N.D. - - N.D.
28 tempura N.D. 1.387 N.D. 1154, 1645 6852 1.514
29 crab stick N.D. N.D. N.D. - - N.D.
30 fish paste N.D. N.D. N.D. - - N.D.

@ HPLC: Agilent 1200, MS/MS: Agilent 6410.

> 1.OD: 0.0001 g/kg; LOQ: 0.02 g/kg.

¢ N.D.: < LOD (0.0001 g/kg).

4 LOD (SERS): BA:0.05 g/kg. SA:0.05 g/kg.

¢ N.D.: < LOD (SERS).

f The major peak of BA is located at 1002 cm ™.
& The major peak of SA is located at 1645 cm ™.

" LOQ (SERS): BA:0.183 g/kg. SA:0.144 g/kg

samples. From sample 9, the intensities of the SA Raman bands were
weak. From sample 20, the Raman bands at 845 cm™* and 1595 cm ™!
were not observed due to the low concentration of BA. Only one band of
BA with minimal intensities at 1002 cm~! was obtained. Furthermore,
20 cheese samples were measured for BA, SA, and DHA and summarized
in Table 2. The measured spectra of the 20 samples were shown in Fig. 8.
Six samples tested positive for SA and there was no BA and DHA found in
other samples. The specificity, sensitivity, false positive rate, and false
negative rate were calculated as follows, to assess the screening effi-
ciency of the detection method:

Specificity = % 4
Sensitivity = %\r (5)
False positive rate = P%V (6)
False negative rate = % @

where TP, FP, FN, TN denotes the factors of screening efficiency: true
positive, false negative, false positive, and true negative for sample
status, respectively. Table A.2 shows the factors of screening efficiency
of the method for the minced fish and seafood products, The values of

specificity, sensitivity, false positive rate and false negative rate were
calculated to be 100 %, 88.88 %, 0% and 11.11 %, respectively.
Table A.3 shows the factors of screening efficiency for the cheese sam-
ples. The values of specificity, sensitivity, false positive rate and false
negative rate were calculated to be 100 %, 100 %, 0 % and 0 %,
respectively.

Table 3 comprehensively summarizes the research progress of
various detection methods for analyzing food preservatives. The
microfluidic detection platform (Wu et al., 2020), incorporating an in-
tegrated reaction chip and a micro-spectrometer, was introduced to
detect the absorbance spectra of BA and SA under illumination at
wavelengths of 530 nm and 550 nm, respectively. The practical feasi-
bility of the presented platform has been demonstrated by measuring
processed samples with BA concentrations ranging from 0.05 to 0.5 g/kg
and SA concentrations ranging from 0.02 to 0.5 g/kg. However, when
both BA and SA are present in the food sample, the broad absorbance
bands caused by BA and SA interfere with each other, making quanti-
tative analysis difficult. Furthermore, a SERS-based method (Lin et al.,
2020) was developed for detecting the BA content in pickled vegetables.
Despite the method having a sensitivity of 100 % and a specificity of
90.9 %, it exhibited a narrow linear range from 0.38 to 0.82 g/kg be-
tween the Raman band intensity and the concentrations of BA. The LOD
was 0.08 g/kg, and the LOQ was 0.265 g/kg, both of which are higher
than those of the detection method proposed in this study. The
SERS-related research (Yang et al., 2022; Hussain et al., 2020; Cai et al.,
2018; Chien et al., 2023) provides rapid and sensitive methods for
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Fig. 7. SERS spectra of processed minced fish and seafood products for (a) samples 1-5, (b) samples 6-10, (c) samples 11-15, (d) samples 16-20, (e) samples 21-25
and (f) samples 26-30. The measurements were taken at an excitation wavelength of 785 nm, with an acquisition time of 2 seconds and a laser power of 50 mW.
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Table 2
Amounts of BA, SA and DHA added to cheese samples determined using MOHWA0020.03 method and SERS.
Sample  Food type MOHWA0020.03" SERS
BA SA DHA BA SA DHA
Detected  Detected  Detected Peaks Intensity Detected  Peaks Intensity Detected Peaks Intensity Detected
(g/kg) (g/kg) (g/kg) found (au) (g/kg)’ found (a.u.)® (g/kg)" found (au)" (g/kg)"
(em™) (em™) (em™)
1 Cheddar N.D.>* N.D.”* N.D.>* - N.D.° - N.D.° N.D.°
cheese
2 Gouda N.D. 0.134 N.D. - N.D. 1154, 589 < LOQ' N.D.
cheese 1645
3 Processed N.D. 0.159 N.D. - N.D. 1154, 744 0.114 N.D.
cheese 1645
4 Sweet N.D. N.D. N.D. - N.D. - N.D. N.D.
potato
cheese
5 Mozzarella N.D. N.D. N.D. - N.D. - N.D. N.D.
cheese
6 Processed N.D. N.D. N.D. - N.D. - N.D. N.D.
cheese
7 Cheddar N.D. 0.166 N.D. - N.D. 1154, 817 0.127 N.D.
cheese 1645
8 Mozzarella N.D. N.D. N.D - N.D - N.D. N.D.
cheese
9 Cheddar N.D. N.D. N.D. - N.D. - N.D. N.D.
cheese
10 Processed N.D. N.D. N.D. - N.D. - N.D. N.D.
cheese
11 Processed N.D. 0.115 N.D. - N.D. 1154, 621 < LOQ' N.D.
cheese 1645
12 Processed N.D. N.D. N.D. - N.D. - N.D. N.D.
cheese
13 Processed N.D. N.D. N.D - N.D. - N.D. N.D.
cheese
14 Parmesan N.D. 0.221 N.D. - N.D. 1154, 1050 0.171 N.D.
cheese 1645
15 Truffle N.D. N.D. N.D. - N.D. - N.D. N.D.
cheese
16 Processed N.D. N.D. N.D - N.D - N.D. N.D.
cheese
17 Mozzarella N.D. N.D. N.D. - N.D. - N.D. N.D.
cheese
18 Mozzarella N.D. N.D. N.D. - N.D. - N.D. N.D.
cheese
19 Emmental N.D. 0.203 N.D. - N.D. 1154, 981 0.158 N.D.
cheese 1645
20 Processed N.D. N.D. N.D - N.D. - - N.D. N.D.
cheese

@ HPLC: Agilent 1200, MS/MS: Agilent 6410.
> LOD: 0.0001 g/kg; LOQ: 0.02 g/kg.

¢ N.D.: < LOD (0.0001 g/kg).

4 LOD (SERS): BA: 0.05 g/kg. SA: 0.05 g/kg. DHA: 0.10 g/Kg
¢ N.D.: < LOD (SERS)

f The major peak of BA is located at 1002 cm™*.

& The major peak of SA is located at 1645 cm ™.

" The major peak of DHA is located at 631 cm ™.

1 LOQ (SERS): BA:0.183 g/kg. SA:0.144 g/kg. DHA: 0.201 g/kg.

determining BA content in liquid milk, carbonated beverages, and
electronic cigarette liquids. Without sample pretreatment (Chien et al.,
2023), part of the SERS signal of BA was suppressed due to the inter-
ference of fluorescence background. Two Raman bands of BA at
845 cm ! and 1595 em ™! vanished, and only the BA-dominant band at
1002 cm™! was observed. Consequently, the method presented both a
false negative rate of 4.4 % and a false positive rate of 8.9 % after
examining 406 commercial e-liquids. Moreover, the absolute quantifi-
cation method for detecting three kinds of preservatives (BA, SA, and
DHA) in processed foods using quantitative 'H nuclear magnetic reso-
nance spectroscopy (QHNMR) was developed (Ohtsuki et al., 2012a,
2012b, Ohtsuki et al., 2013). The accuracy of the method is equivalent to
the conventional method wusing HPLC, but it requires
laboratory-equipped instruments and skilled personnel. Another sensi-
tive method for quantitative determination of BA and SA in soy sauces

11

(Wei et al., 2011) was introduced using field-amplified sample injection
with capacitively coupled contactless conductivity detection (FESI--
CE-C*D). However, the FESI-CE-C*D method requires 85 minutes for
sample preparation and 15 minutes for analysis, including the deter-
mination of preservatives. The time-consuming sample pretreatment of
the method needs a stream of nitrogen gas to evaporate the organic
phase solution in the laboratory environment, which is difficult to
conduct for on-site quality control in restaurants and supermarkets. In
contrast, the SERS method proposed in this study provides a rapid
approach for simultaneously detecting added BA, SA, and DHA in pro-
cessed foods. The sample pretreatment was simplified, and the extracts
were processed using the PT-001 SPE within 10 minutes. Notably, local
heating at the center of the droplet deposited onto the SERS substrate
was introduced to increase the binding probability between the mole-
cules and the metallic surface, resulting in an increase in the Raman
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Fig. 8. SERS spectra of cheese products for (a) samples 1-5, (b) samples 6-10, (c) samples 11-15, (d) samples 16-20. The measurements were taken at an excitation
wavelength of 785 nm, with an acquisition time of 2 seconds and a laser power of 50 mW.

signals of the preservatives and excellent screening efficiency in real
samples.

4. Conclusion

A rapid method for simultaneously detecting added BA, SA, and DHA
in processed foods was developed based on SERS and SPE techniques.
The dominant bands of BA, SA, and DHA were measured and identified
to be 1002 cm ™!, 1645 cm ™!, and 631 cm ™! at a wavelength of 785 nm,
respectively. The sample pretreatment was simplified and the extracts
were processed using the PT-001 SPE within 10 minutes, following the
load, wash and elution steps. A droplet from the first eluting fraction was
mixed with 200 pL DI water and gently deposited onto a substrate of
silver nanopillar arrays with 2.2 mm x 2.2 mm area. Local heating was
then applied at the center of the substrate using a 30 mW CW laser for a
duration of 15 seconds. After the heating, the SERS spectra were ac-
quired with an integration time of 2 seconds and a power of 50 mW
using a portable Raman spectrometer. A droplet of 4.5 pL was found to
have a contact angle of 89° between the drop and the substrate. This was
determined to be the optimized volume to induce the merging of twin
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vortices within the droplet, resulting in the strongest SERS signal of the
preservatives. Furthermore, the intensities of BA, SA, and DHA domi-
nant Raman bands with different heating periods that ranged from 15 to
25 seconds were measured. The intensity of the BA-dominant band at
1002 cm ™! reached its maximum at 15 seconds, while the SA and DHA-
dominant bands at 1645 cm ™! and 631 cm ! reached their maximum at
10 seconds, respectively. Moreover, the linear relationship between the
logarithmic intensities of the dominant bands and the concentrations of
BA, SA, and DHA in processed foods were established. The LOD for both
BA and SA was experimentally determined to be as low as 0.05 g/kg,
while the LOD for DHA was 0.1 g/kg. The linear curves provided a
calibration for semi-quantitative detection of the preservatives in pro-
cessed foods. The screening efficiency of the detection method for the
preservatives was experimentally evaluated in real samples, such as
processed seafood, minced fish, and cheese products. The band in-
tensities of the added preservatives were compared with amounts ob-
tained by the conventional method of HPLC. Consequently, the rapid
method for the simultaneous detection of BA, SA, and DHA in processed
foods was proposed and demonstrated for the first time using SERS. It
can be extended to the detection of parabens in the future, such as
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Table 3
Comprehensively summarizes the research progress of various detection methods for analyzing food preservatives.

Detection method Target ~ Sample type Total Linear range LOD LOQ Screening Reference

detection time efficiency

SERS BA processed foods 15 minutes 0.183 - 2 g/kg 0.05 g/kg 0.183 g/kg processed foods/ This study

SA (BA) (BA) (BA) cheese:
DHA 0.144 - 2 g/kg 0.05 g/kg 0.144 g/kg Specificity:
(SA) (SA) (SA) 100 %. 100 %
0.201-2g/kg  0.10g/kg  0.201g/kg Sensitivity:
(DHA) (DHA) (DHA) 88.88 %, 100 %
false positive rate:
0, 0%
false negative rate:
1111 % . 0%
SERS BA pickled 25 minutes 0.38-0.82 g/kg 0.08 g/kg 0.265 g/kg Specificity: 100 % (Lin et al.,
vegetables Sensitivity: 90.9 %  2020)
false positive rate:
9.1 %
false negative rate:
0%

Microfluidic analysis platform with BA processed foods 49 minutes 0.05 - 2.0 g/kg not shown not shown not shown (Wu et al.,

micro-distillation extraction SA (BA) 2020)
0.02 - 0.5 g/kg
(SA)

Quantitative'H nuclear magnetic BA processed foods 55 minutes 0.063-5.0 g/kg not shown 0.063 g/kg not shown (Ohtsuki
resonance spectroscopy(qHNMR) et al., 2012a)
with solvent extraction SA 55 minutes 0.063-5.0 g/kg not shown 0.063 g/kg not shown (Ohtsuki

et al., 2012b)
DHA 65 minutes 0.13-5.0 g/kg not shown 0.13 g/kg not shown (Ohtsuki
et al., 2013)
SERS BA liquid milk 15 minutes 2-20 ug/mL 0.13 pg/ 2 pg/mL not shown (Yang et al.,
mL 2022)
SERS BA liquid milk 12 minutes 10.2-240 pg/ 9.8 ug/mL 10.2 pg/ not shown (Hussain
mL mL et al., 2020)
SERS BA carbonated 25 minutes 25-500 pg/mL 3.6 ug/mL 25 pg/mL not shown (Cai et al.,
beverages 2018)
SERS BA electronic 5 minutes not shown not shown not shown Sensitivity: 90 % (Chien et al.,
cigarette liquids false positive rate: 2023)
2.5-4.4%
false negative rate:
4.4-8.9 %

Field-amplified sample injection BA soy sauce 100 minutes 0.3-20.0 uM. 0.08 uM 0.3 uM not shown (Wei et al.,
with capacitively coupled contactless ~ SA (BA) (BA) 2011)
conductivity detection (FESI-CE- 0.3-20.0 uM 0.05 yM
c'D) (SA) (SA)

methylp-hydroxybenzoate (methylparaben), ethylp-hydroxybenzoate
(ethylparaben), and propyl p-hydroxybenzoate (propylparaben).
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